Mg
.
In short, we found that (i) varying the Mg 2ϩ concentration between 6 and 15 mM had no measurable effect on (p)ppGpp synthesis, although concentrations of NH 4 ϩ above 150 mM resulted in unspecific (p)ppGpp synthesis that could be suppressed by partial substitution with K ϩ ; (ii) ␥-phosphate hydrolysis of pppGpp yielding ppGpp ( Figure 1A ) could be reduced, but not totally inhibited, when Li ϩ /Na ϩ -ATP and -GTP salts were substituted with Tris nucleotides; (iii) residual ATPase activity observed in the (p)ppGpp synthesis system was not caused by RelA and was most likely due to ATPase contamination of 30S preparations despite the Ͼ99% purity of the subunit preparation; (iv) quantitative HPLC analysis via peak integration revealed that the molar amount of AMP synthesized was directly proportional with the molar amount of (p)ppGpp synthesized (Ϯ3%), thus enabling precise determination of turnover rates ( Figure  1A) ; (v) in the optimized system, RelA could synthesize (p)ppGpp continuously, at a constant rate of 1000 pmol (p)ppGpp·(pmol RelA·min) Ϫ1 , for at least 45 min.
In order to determine the optimal RelA:70S ribosome ratio for (p)ppGpp synthesis, titration experiments were performed, where the amount of poly(U)-programmed ribosomes saturated with tRNAs was varied relative to a constant RelA content (see caption to Figure 1B ). As demonstrated in Figures 1B and 1C , (p)ppGpp synthesis saturates with a large excess of 70S ribosome, viz., a molar ratio of 70S:RelA ϭ 10:1. We find that stoichiometric binding of RelA occurs with a small excess (1.3-fold) of RelA over ribosomes (see below); the binding is stable and withstands a gel filtration step. At this molar ratio, only 130 pmoles of (p)ppGpp were synthesized per picomole RelA per minute. In contrast, with a 10-fold excess of 70S:tRNA complex over RelA, the (p)ppGpp synthesis rate was more than six times faster ( Figure 1C ). This surprising result suggested that RelA must interact with more than one ribosome to achieve this increased rate of (p)ppGpp synthesis, providing evidence that RelA dissociates from the ribosome after/during (p)ppGpp synthesis.
Next the optimal molar ratio of deacylated tRNA Figure 3A , black bars). Neither 30S (gray bars) or 50S subunits (white bars) alone were able to catalyze (p)ppGpp, with the exception that low-level stimulation of (p)ppGpp synthesis was observed with 30S subunits in the presence of the complete complement of components ( Figure 3A, gray bars) Figure 4A , then addition of tetracycline should inhibit (p)ppGpp white bars 1-3, the P site tRNA binding is analyzed in synthesis. Figure 2B demonstrates that tetracycline relation to successive addition of nucleotides and RelA. blocks the production of (p)ppGpp so efficiently that at In all cases, we found stoichiometric occupation of the 250 M tetracycline, more than 80% of the synthesis is P site with f[ tration on Sephacryl S300 spun columns was used to separate excess amounts of RelA (1.5-to 2-fold) from the ribosome-RelA complexes. Quantification of the bound RelA on the eluted complexes was performed are summarized in Figure 6A . Surprisingly, the binding of RelA to the ribosome was almost stoichiometric via two independent methods: (i) the use of [ plex will easily chase a deacylated tRNA from the A site (and simultaneously from the E site; Figure 7E ). Chasing may be facilitated further by the weak interaction of a A Model for RelA-Mediated (p)ppGpp Synthesis Our observations correct some previously held assumpcognate deacylated tRNA with the A site (as observed in Figure 2A ). We note that weak interaction of a deacyltions, namely, that (i) release of RelA, rather than release of the deacylated tRNA, correlates with (p)ppGpp synated tRNA with the A site is sufficient and perhaps even optimal to provoke (p)ppGpp synthesis. thesis, and (ii) binding of a deacylated tRNA at the A site is essential for (p)ppGpp synthesis, yet not essential Instead of deacylated tRNA release from the A site upon (p)ppGpp synthesis, we find that RelA binding to for efficient RelA binding. Instead, we find that the length of the mRNA extending 3Ј from the ribosome may be a the ribosome is reciprocally linked to the synthesis of (p)ppGpp, viz., excellent binding of RelA is found in the more important determinant in RelA binding. Furthermore, we demonstrate that L11 is an essential compoabsence of (p)ppGpp synthesis, whereas the synthesis of (p)ppGpp significantly reduces the binding of RelA to nent in the transmission of a signal to RelA when the A site is occupied with a deacylated tRNA. In contrast, the ribosome ( Figure 6C) . Furthermore, the observed drop in RelA binding affinity, by at least one order of the presence of L11 is not required for RelA binding to 70S ribosomes. magnitude under conditions conducive to (p)ppGpp synthesis, clearly supports our model. The drop in affinCollectively, our results provide a model for RelA action during the stringent response (Figure 7) . First, condiity is not observed in the presence of either ATP or GTP alone, but only in the presence of both triphosphates, tions of amino acid starvation result in increased levels of deacylated tRNA in the cell, which bind weakly to the thus correlating with the synthesis of (p)ppGpp ( Figure  6C ). This suggests that the enzymatic conversion of ATP ribosomal A site ( Figure 7A ) as it is probably in a lowaffinity state (E site occupied) (Nierhaus, 1990) . Second, and GTP into (p)ppGpp provides the energy required to enable RelA to undergo the conformational changes that a blocked ribosome displays a protruding 3Ј extension of the mRNA, which may stimulate RelA binding (Figure reduce the affinity of RelA for the ribosome. An impressive example of this phenomenon is seen with the ribo-7B). Third, RelA converts ATP and GTP to ppGpp and AMP. We note here that the highly active (p)ppGpp synsomes lacking L11, which are totally inactive in (p)ppGpp synthesis ( Figure 3B ), yet bind RelA efficiently even in thesis of RelA does not affect the amount of deacylated tRNA bound to the A site (as seen in Figure 4) , in contrast the presence of ATP and GTP ( Figure 6B ). Lastly, maximal (p)ppGpp synthesis is found with a to an early report of A site tRNA release on (p)ppGpp synthesis (Richter, 1976 
